This paper deals with studying and modeling static friction coefficient (SFC) and dynamic friction coefficient (DFC) of wheat grain as affected by several treatments. Significance of single effect (SE) and dual interaction effect (DIE) of treatments (moisture content and contact surface) on SFC and, SE, DIE, and triple interaction effect (TIE) of treatments (moisture content, contact surface and sliding velocity) on DFC were determined using statistical analysis methods. Multiple linear regression (MLR) modeling was employed to predict SFC and DFC on different contact surfaces. Predictive ability of developed MLR models was evaluated using some statistical parameters (coefficient of determination (R 2 ), root mean square error (RMSE), and mean relative deviation modulus (MRDM)). Results indicated that significant increasing DIE of treatments on SFC was 3.2 and 3 times greater than significant increasing SE of moisture content and contact surface, respectively. In case of DFC, the significant increasing TIE of treatments was 8.8, 3.7, and 8.9 times greater than SE of moisture content, contact surface, and sliding velocity, respectively. It was also found that the SE of contact surface on SFC was 1.1 times greater than that of moisture content and the SE of contact surface on DFC was 2.4 times greater than that of moisture content or sliding velocity. According to the reasonable average of statistical parameters (R 2 = 0.955, RMSE = 0.01788 and MRDM = 3.152%), the SFC and DFC could be successfully predicted by suggested MLR models. Practically, it is recommended to apply the models for direct prediction of SFC and DFC, respective to each contact surface, based on moisture content and sliding velocity. Abbreviations: 2DC, two-dimensional chart; 3DC, three-dimensional chart; ANOVA, analysis of variance; DFC, dynamic friction coefficient; DIE, dual interaction effect; DMRT, Duncan's multiple range test; GMD, geometric mean diameter; MRDM, mean relative deviation modulus; MLR, multiple linear regression; RMSE, root mean square error; SFC, static friction coefficient; SE, single effect; TIE, triple interaction effect; MAVET, mean of absolute values of error term.
Introduction
Wheat is a dominate major crop in human food. The crop is widely cultivated throughout the world. Hence, investigation of different aspects of wheat in planting, harvesting, transporting, storing and processing stage is of great importance in management of its production and preservation.
Physical properties of agricultural products are frequently used for designing of agricultural machinery and equipment of related post-harvest industries [1] . Some physical properties are major dimensions (length, width and thickness), mass, GMD, sphericity and friction coefficients.
Friction coefficients of crops vary on different contact surfaces. Therefore, exact determination of friction coefficients of the crop on different contact surfaces can be useful in performance optimization of mechanical equipment (conveyors, separation, cleaning, drying and storing tools), and consequently, reduction and increment of harmful damages and economic efficiency, respectively [2] .
Friction forces perform between two contact surfaces. Required force for initial movement of a motionless object depends on static friction force and the force for continuous movement of an object at a specific velocity relies on dynamic friction force. According to Brubaker and Pos [3] , the relation between friction force and friction coefficient can be presented as following equation.
FF ¼ FC Â NF ð1Þ
According to Eq. (1), friction coefficient directly affects the friction force value. Therefore, researches about the effect of various conditions and treatments on friction coefficients are needed to gain information for controlling friction forces.
Friction coefficients include SFC and DFC with respect to static and dynamic friction forces, respectively. The SFC and DFC of crop depend on moisture content. Additionally, in case of DFC, the sliding velocity is also an important factor [2] .
The frictional forces occur on a vertical plane in storage structures and handling equipment of wheat grain. On walls and floor of storage bins, frictional forces play an important role in discharging process in the plug flow region. The SFC and DFC, and consequently frictional forces, are influenced by the interaction of wheat grain particles and the surface of bin wall [4] . This interaction significantly affects the distribution and magnitude of loads applied on storage structures [5] . However, knowledge about the impact of many treatments on the SFC and DFC is still incomplete. Thus, additional experimental works are needed to determine the exact frictional behavior of wheat grain on different contact surfaces.
A review of published works confirmed that although the SFC of wheat grain has been studied by several previous investigators , there is no extended study for the determination of the effect of moisture content and contact surface on SFC of wheat grain. Neither, there are perfect attempts available in literature reporting the effect of moisture content, contact surface or sliding velocity on DFC of wheat grain [24] [25] [26] [27] [28] [29] [30] . Therefore, a comprehensive investigation of SFC and DFC for wheat grain taking several experimental conditions into considerations will be useful for optimization of storage and processing structures, especially grain bins.
In light of the above mentioned deficiencies and the benefits of knowing about SFC and DFC of wheat grain for optimization of related industry structures and equipment, the key scope of the present work on wheat grain was concentrated on following items:
(1) Precise determination of SFC and DFC as effected by moisture content and contact surface, and moisture content, contact surface and sliding velocity, respectively. (2) To carry out statistical analysis to study the effect of moisture content, sliding velocity, contact surface and their DIE and TIE on DFC, and moisture content, contact surface and their DIE on SFC. grains. The prepared grains were then transferred to the research laboratory to determine physical properties.
Material and methods

Grain collection
Physical properties
One hundred wheat grains were randomly chosen to determine some physical properties. Three principal dimensions (length, width and thickness) of the grains were then measured with a digital caliper model: 01409A (Neiko, New Jersey, USA). reading to an accuracy of 0.02 (mm). The grains were weighed using a precision electronic balance model: GF-600 (A&D, Tokyo, Japan) with 0.001 (g) accuracy. Besides, some shape indices of the grains (GMD, sphericity and surface area) were calculated based on following equations [2] .
Determination of initial moisture content
A ten-gram sample of wheat grains was dried in a convection oven at 130 ± 1 (°C) for 19 (h). The initial moisture content of the grains was then determined as the mass reduction during drying procedure divided by dry mass of the grains [31] . To eliminate measurement error, the tests were completed in triplicate and mean value was used. The initial moisture content of wheat grain was 9.4% (d. b.).
Sample preparation
The grains were moistened to achieve a higher moisture content (13, 17.2, 20.9 and 25% (d. b.)) by attachment of specific quantity of distilled water calculated by following equation [32] .
The hydrated samples were packed in separate polyethylene bags and placed in a refrigerator at 5 ± 0.5 (°C) for ten days to allow water be uniformly absorbed into grains [33] . The required quantity of samples was located at ambient condition to warm up to room temperature, almost two hours before starting each frictional experiment [34] .
Frictional experiments
The SFC of samples was precisely measured on five contact surfaces (aluminum, rubber, glass, galvanized steel and plywood) at different levels of moisture content by means of a SFC measuring instrument. The instrument was initially proposed by Singh and Goswami [35] and improved mechanically and electrically by Lorestani et al. [36] and Shafaei et al. [23] . A schematic of the instrument is shown in details in Fig. 1a . Technical specifications and engineering aspects of the instrument are available in the literature.
The DFC of samples was also measured accurately on each type of contact surface at different levels of moisture content and sliding velocities (1, 3.5, 5.75, 9.25, and 12.5 (cm/s)) using a DFC measuring instrument. The higher sliding velocities were ignored in order to avoid probable damages to the samples. The instrument was originally suggested by Clark and Mcfarland [37] and developed and frequently used by other researchers, afterwards [4, 38] . The instrument is schematically illustrated in Fig. 1b . The details of development and engineering considerations of the instrument are fully explained in the literature.
Before starting each experiment, the contact surface was cleaned by means of compressed air to eliminate any remaining matter from previous experiments. Each experiment was accomplished in five replications at constant normal pressure of 22.5 (kPa).
Data analysis
Statistical descriptions
To study changes in measured SFC and DFC of the samples as influenced by applied treatments, the statistical descriptor parameters, namely mean, standard deviation, coefficient of variation and coefficient of non-uniformity were used based on following equations.
Statistical analysis
The collected data (125 and 625 sets for SFC and DFC, respectively) were analyzed for sliding velocity (5 levels), moisture content (5 levels) and contact surface (5 types), each with five replications. For this purpose, the statistical analysis system of SPSS 21 software (SPSS Inc., Chicago, IL, USA) was used. The ANOVA Fig. 1 . Schematic of the used SFC (a) and DFC (b) measuring instrument. method was applied to determine the effect of moisture content, contact surface and their DIE on SFC and also the effect of sliding velocity, contact surface and moisture content, and their DIE and TIE on DFC. The experiments were performed according to completely randomized factorial design with two and three main treatment factors for SFC and DFC, respectively, at 99% probability level. Contribution of each variation to SFC and DFC was then calculated based on the ANOVA results using Eq. (10) . Differences between means of the treatments were also compared using DMRT at 1% significance level.
Development of MLR models
The MLR models, based on Eq. (11), were developed for the means of data (25 and 125 sets for SFC and DFC, respectively) obtained from all five-replication experiments using SPSS 21 software (SPSS Inc., Chicago, IL, USA). The model was fed with one (moisture content) and two (moisture content and sliding velocity) input variables, respectively, for prediction of SFC and DFC on each contact surface. The significance of constants and coefficients of the developed models was also determined at 99% probability level.
In order to assess predictive ability of developed models, statistical parameters (coefficient of determination (R 2 ), RMSE and MRDM) were calculated between modeled and actual SFC or DFC according to following equations.
Results and discussion
Physical properties
The length, width, thickness, mass, GMD, surface area and sphericity of the wheat grain are presented in detail in Table 1 .
Statistical descriptions
Standard deviation of SFC and DFC for each set of replications obtained in range of 0.004-0.019 and 0.003-0.029, respectively. The limited range of standard deviations verified high accuracy and stability of the measuring instruments.
Statistical descriptor parameters for measured SFC and DFC of wheat grain corresponding to five levels of moisture content and sliding velocity on different contact surfaces are reported in Table 2 . According to Table 2 , minimum and maximum SFC were obtained in the lowest and highest level of moisture content on glass and rubber, respectively. The inappropriate coefficient of variation and coefficient of non-uniformity for SFC implied that the SFC sharply changed by changing moisture content level or contact surface type.
Similar to SFC, the lowest and highest DFC were found in minimum and maximum levels of moisture content and sliding velocity on glass and rubber, respectively ( Table 2 ). Improper coefficient of variation and coefficient of non-uniformity for DFC also indicated that the DFC changed sharply as influenced by variation of levels of moisture content, sliding velocity or contact surface type.
Comparison between coefficient of variation and coefficient of non-uniformity for the SFC and DFC in Table 2 demonstrated that the DFC-related values were higher than those of SFC. In case of DFC, three treatments were applied while, two treatments were applied to study SFC behavior. Therefore, the variation of DFC, and consequently the DFC-related values, were higher than those of SFC. Tables 3 and 4 , respectively, present ANOVA results for SFC and DFC of wheat grain under different treatments. With reference to the Tables, it can be stated that the effect of treatments and interactions of them (DIE and TIE) on SFC and DFC were significant at 1% probability level (P < 0.01). These effects on SFC and DFC are necessary engineering considerations that should be taken in designing crop handling equipment and storage structures to reach the best operation conditions. Contribution of each variation to SFC and DFC is displayed in Fig. 2 . As it can be seen in Fig. 2a , the contribution of contact surface variation was found to be greater than that of moisture content. This result corresponds to that for DFC (Fig. 2b) . Thus, contact surface seems to have had a stronger effect on SFC than moisture content and on DFC than moisture content and sliding velocity.
Statistical analysis
Effect of treatments SE Moisture content. DMRT results of the effect of moisture content on SFC and DFC of wheat grain are reported in Table 5 . It was inferred from the Table that the increment of moisture content from 9.4 to 25% (d. b.) led to SFC and DFC rise of 59 and 33.75%, respectively. As the moisture content increases, the grains become stickier and accordingly, cohesive force between grains and contact surface increases. The higher cohesive forces will result in the higher SFC [39] and DFC [40] . Sliding velocity Table 5 indicates the increasing trend of DFC of wheat grain with ascending sliding velocity, according to the DMRT results. Based on the Table values, it can be concluded that increment of sliding velocity from 1 to 12.5 (cm/s) led to the notable change of DFC from the lowest to highest value by 33.5%. Higher adhesive force at higher sliding velocity might have resulted in the DFC growth [24] .
Contact surface
The DMRT results demonstrated that contact surface significantly affected SFC and DFC of wheat grain ( Table 5 ). The lowest SFC and DFC were found on the glass and aluminum contact surface, respectively. The SFC and DFC changed from lowest to highest value by 64% and 80.29%, respectively. It was due to the coarseness or smoothness of different contact surfaces. Smoother surface resulted in lower adhesion force between the samples and the surface and thereby, the lower SFC and DFC. However, it was expected that the friction coefficients on galvanized steel and aluminum contact surface be similar, the results did not verify this expectation. It might be due to smoother and more polished surface of the aluminum sheet than galvanized steel.
DIE
DMRT results of DIE of moisture content and contact surface on SFC of wheat grain are presented in Table 6 . A precise analysis of the results indicated that moisture content increase from 9.4 to 25% (d. b.) along with the change from smooth contact surface to the coarse one (from glass to rubber) resulted in a 189% increment of SFC. In the Table, different letters represent a significant difference among SFCs at probability level of 1%. This significant DIE of moisture content and contact surface on SFC can be interpreted as the grain moisture content could be transferred to the contact surface and the moisturized contact surface acts as a contact surface with different characteristics and accordingly, the SFC vary. Hence, to achieve the same frictional behavior of wheat grain, each treatment combination with identical results on SFC is recommended for controlling SFC regarding available facilities. Table 7 reports the DIE of applied treatments (moisture content, contact surface and sliding velocity) on the DFC of wheat grain on the basis of DMRT results. In the Table, different letters represent a significant difference among DFCs as affected by applied treatments at probability level of 1%. The significant DIE of moisture content and contact surface on DFC can be physically explained in a way similar to that of SFC. The significant DIE of moisture content and sliding velocity could be also related to changes in the temperature of contact surface. As the sliding velocity changes, the frictional energy also changes and releases in the form of heat. The grain moisture content changes as affected by the heat produced, and thereby, the DFC changes. In case of the significant DIE of contact surface and sliding velocity on DFC, it can be stated that the heat which is produced when sliding velocity changes might affect the structure of contact surface and, the DFC changes accordingly.
Regarding user point of view, to optimize the performance of corresponding equipment and structures, altering levels of the treatments with insignificant DIE on DFC in Table 7 is suggested.
Analysis of data presented in Table 7 revealed that the DFC increased by 154.48% as a result of concurrent change of contact surface from glass to rubber and moisture content from 9.4 to 25% (d. b.). Besides, DFC increased 79.88% with simultaneous increment of moisture content and sliding velocity from 9.4 to 25% (d. b.) and from 1 to 12.5 (cm/s), respectively. It was also found that the change of contact surface from glass to rubber and sliding velocity from 1 to 12.5 (cm/s) resulted in an increase of DFC by 148.92%. Table 8 displays a comparison among mean DFC of wheat grain as affected by triple interaction of the treatments performed by DMRT. According to the Table, a 296.57%. increment of DFC from the poor frictional condition (contact surface: glass, sliding veloc- Table 6 DMRT results for the DIE of treatments on SFC of wheat grain. n * Different letters show significant differences at probability level of 1%. ** Mean ± standard error. Table 7 DMRT results for the DIE of treatments on DFC of wheat grain. ity: 1 (cm/s) and moisture content: 9.4% (d. b.)) to the strong frictional condition (contact surface: rubber, sliding velocity: 12.5 (cm/s) and moisture content: 25% (d. b.)) was observed. Different letters in the Table represent significant differences at probability level of 1%. The physical interpretation of this significant TIE on DFC can be mentioned by changes in sliding velocity, the released heat changes the grain moisture content and consequently contact surface structure differs and therefore, the DFC changes. Table 8 DMRT results for the TIE of treatments on DFC of wheat grain. To attain the best frictional condition based on engineering principles, the applied treatments resulted in the DFC with the same letters in the Table 8 can be considered as alternatives.
TIE
Comparison of the positive effect of treatments SFC Fig. 3a depicts the increment of SFC of wheat grain obtained from analysis of DMRT results versus applied treatments. It is clearly observed that the variation of SFC as affected by DIE of moisture content and contact surface has been greater (3 and 3.2 times) than that as influenced by SE of contact surface, succeeding by SE of moisture content. The more efficient SE of contact surface than SE of moisture content (1.1 times) was in agreement with the prediction addressed in the Statistical Analysis Section. Therefore, to control the SFC of wheat grain, applying simultaneous changes in moisture content and contact surface rather than individual change of contact surface or moisture content, is suggested as a more effective way. Fig. 3b shows a chart comparing the effect of different treatments on the increment of DFC of wheat grain. As it can be seen in the Fig., TIE of the treatments was more efficient (2, 3.7, and 2 times) than DIE, followed by SE of treatments (8.8, 3.7 and 8.9 times). The greater SE of contact surface (2.4 times) than SE of moisture content or sliding velocity was also predicted by the results of contribution of variation presented in the Statistical Analysis Section. Application of these results is suggested to be considered for decrement or increment of DFC of wheat grain in respective equipment and structures.
DFC
Evaluation of developed MLR models
The constants, coefficients and statistical parameters of MLR models developed for prediction of SFC and DFC of wheat grain regarding to each contact surface are listed in Table 9 . The acceptable values of coefficient of determination (R 2 > 0.9), RMSE and MRDM tabulated in the Table confirmed that the SFC and DFC of Fig. 5 . MLR modeling of SFC of wheat grain on the used contact surfaces. wheat grain were appropriately predicted by MLR model in moisture content range of 9.4 to 25% (d. b.) and sliding velocity range of 1 to 12.5 (cm/s) on galvanized steel, glass, aluminum, rubber and plywood contact surfaces. It was also found that the constant and coefficient obtained for each developed MLR model documented in the Table were significant at 99% probability level. Therefore, from the MLR modeling results, it could be clearly indicated that the SFC was function of moisture content and the DFC was function of both moisture content and sliding velocity on contact surfaces. These inferences are similar to those obtained from ANOVA results in the Statistical Analysis Section. The developed MLR models for DFC prediction of wheat grain with respect to each contact surface are graphically shown in Fig. 6 . The 3DCs for DFC prediction clarify the concept of how the model output responds to the input variables. It is apparently seen that the DFC linearly increased with the increase of moisture content and sliding velocity. The contour plot in the Fig. depicts the model output based on the graphical reflection of interaction of the moisture content and sliding velocity. As it can be seen in the plots, the interaction of moisture content and sliding velocity on DFC has been congruent. The DFC increasingly varied as concurrent increase of moisture content and sliding velocity occurred. This modeling result is correspondent to that of statistical analysis of DIE of moisture content and sliding velocity on DFC (DIE Section).
To sum up the MLR modeling results, it can be stated that the models are reliable enough for direct determination of friction coefficients of wheat grain in storage and processing conditions with no need for actual measurement of SFC or DFC. Furthermore, the models present an appropriate physical perception of the effect of treatments on SFC and DFC. The physical perception is helpful for proper management and control of SFC and DFC of wheat grain in practical conditions.
Comparison with published data
A condensed summary of comparison of the results obtained in the present study with other published researches is reported in Table 10 . According to the Table, measured and predicted data in the study are different from previously published data, especially in case of DFC on galvanized steel, although they are in a similar range. The differences between the results obtained in current study and previous ones could be due to the following factors:
(1) Employment of various SFC measuring instruments based on three methods of pulling force, tilting plate and rotating disk, and different DFC measuring instruments on the basis of two methods of pulling force and rotating disk. (2) Differences in contact surface characteristics (scratches and roughness) and the wheat variety used. (3) Applying various investigational levels of treatments (moisture content and sliding velocity) based on the desired experimental conditions.
Conclusions and recommendations
This work presents some pieces of useful information about SFC and DFC of wheat grain as influenced by several treatments. The following remarkable conclusions can be drawn from the results:
(1) For each experimental condition, the SFC and DFC were unique and changed as moisture content, contact surface or sliding velocity varied. (2) The SE and DIE, and SE, DIE, and TIE of the treatments, respectively, on SFC and DFC were significant at probability level of 1%. (3) The DIE of treatments was more effective than SE of contact surface, followed by moisture content, on the SFC. Similarly, in case of DFC, TIE of treatments was stronger than DIE and SE of contact surface, followed by moisture content and sliding velocity. (4) For all tested contact surfaces, the SFC increased linearly as moisture content increased. The DFC raised linearly as moisture content and sliding velocity raised, too. (5) The SFC and DFC were successfully modeled by means of MLR modeling technique for each contact surface. Averages of statistical parameters used to evaluate the predictive ability of developed models were R 2 = 0.941, RMSE = 0.02281 and MRDM = 3.151% for SFC, and R 2 = 0.968, RMSE = 0.01295 and MRDM = 2.153% for DFC. The developed MLR models are powerful tools for direct determination of friction coefficients of wheat grain on studied contact surfaces, with no need for actual measurement of SFC and DFC, on the basis of experimental levels of moisture content and sliding velocity.
The above mentioned conclusions are valuable practical points to optimize storage equipment and processing conditions such as grain bins. The analysis method used in this paper, based on ANOVA and DMRT, is recommended to be applied in investigation of the effect of influential treatments on SFC and DFC of other important major crops. [29] 
